Observed sediment and solute transport from the Kangerlussuaq sector of the Greenland Ice Sheet (2006-2016) Hasholt, Bent; van As, Dirk; Mikkelsen, Andreas B. ; Mernild, Sebastian H. ; Yde, Jacob C. New measurements of Watson River sediment and solute concentrations and an extended river discharge record improved by acoustic Doppler current profiler (ADCP) measurements are used to calculate the total sediment and solute transport from a large ice-sheet sector in southern west Greenland. For the 2006-2016 period, the mean annual sediment and solute transport was 17.5 ± 7.2 × 10 6 t and 85 ± 30 × 10 3 t, respectively (standard deviation given). The highest annual transport occurred in 2010, attaining values of 29.6 × 10 6 t and 138 × 10 3 t, respectively. The corresponding annual average values of specific transport are 1.39 × 10 3 t km −2 a −1 for sediment and 6.7 t km −2 a −1 for solutes from the approximately 12,600 km 2 (95% ice covered) catchment, yielding an area-average erosion rate of 0.5 mm a −1
Introduction
River transport of sediment and solutes from the continents to the oceans is an important pathway of the geological and geochemical cycles on Earth. Knowledge of sediment transport rates and transport routes is vital when interpreting information about past climates from lake-and ocean-bottom cores (Syvitski, Andrews, and Dowdeswell 1996) . Glacial erosion is the strongest geomorphological agent, with rates surpassing all other natural erosion rates (Hallet, Hunter, and Bogen 1996; Koppes and Montgomery 2009) . Recently, it was demonstrated that 7-9 percent of the global sediment output to the sea originated from glacial erosion in Greenland . The landscapes of the northern part of the northern hemisphere are formed by at least three large glaciations during the Quaternary (e.g., Strahler and Strahler 1992) , with ice masses of 2-3 km in thickness covering vast areas that are now ice free. The only locations where similar contemporary conditions exist are at and around the Greenland Ice Sheet (GrIS). Therefore, glacial erosion and the transport of sediment and solutes from the GrIS represent a valuable analog to the conditions during previous glaciations. Hence, studies of the contemporary transport of sediment and solutes are important in obtaining knowledge on realistic transport rates during the glaciations, which is useful in understanding landscape formation in glaciated areas and in interpreting sedimentation rates found in sediment cores from fjords and the ocean. In addition, recent transport rates are important for understanding biogeochemical responses of downstream ecosystems.
The contributions of sediment and solutes to the Greenland proglacial areas, fjords, and the ocean are not well constrained. Sediment delivery from Greenland to the adjoining oceans has previously been estimated to 140-1,040 × 10 6 t (Hasholt et al. 2006) and recently by Hawkings et al. (2017) to 450-2,159 × 10 6 t. A review of sediment-transport studies in Greenland by Hasholt (2016) indicates that the transport of sediment is of a magnitude that affects proglacial morphology and dominates deposition in the regional marine environment from fjords to the ocean floor. Bendixen et al. (2017) observed increased delta areas around Greenland contradictory to net coastal erosion in other Arctic areas, hypothesizing the reason to be increased runoff and sediment transport. The suspended sediment is observed to influence the marine biology by plume formation and by supply of nutrients (Hodson, Mumford, and Lister 2004; McGrath et al. 2010; Hudson et al. 2013) . Fine sediment grains (glacial flour) with freshly eroded surfaces are chemically reactive, and together with the transported solutes, they are important for the supply of nutrients to the marine environment (Hawkings et al. 2014 (Hawkings et al. , 2015 (Hawkings et al. , 2017 Meire et al. 2016; Wadham et al. 2016; Yde et al. 2014) .
Although the estimated solute transport constitutes less than 5 percent of the sediment transport in glacier catchments in Greenland, the solute transport from Greenland is significant compared to other areas in the Arctic (Hasholt et al. 2006; Hawkings et al. 2017) . Therefore, solute transport should be included when determining the total mass loss from land surfaces and also because of its vital importance as a nutrient supplier to life in the sea (Hawkings et al. 2014 (Hawkings et al. , 2015 (Hawkings et al. , 2017 Meire et al. 2016; Yde et al. 2014) .
In this study, we determine the sediment and solute release from an approximately 12,600 km 2 catchment in southern west Greenland, including approximately 12,000 km 2 of the GrIS (Lindbäck et al. 2015) . The catchment drains through the Watson River, which has been monitored at the settlement of Kangerlussuaq since 2006. The sediment and solute transports through the Watson River have previously been estimated by Hasholt et al. (2013) and Yde et al. (2014) , respectively. Here, we extend the time series by seven years by including new data. However, a revision of previously reported values is due for two important reasons. First, Lindbäck et al. (2015) updated the delineation of the ice-sheet catchment feeding the Watson River, yielding a 29 percent larger catchment, thus impacting area-average erosion rate calculations. Second, a new stage-discharge relation based on measurements of water discharge using an acoustic Doppler current profiler (ADCP) was established by van As et al. (2017) . This new rating curve resulted in discharge values roughly doubling the previous calculations, thereby also impacting sediment and solute transport estimates.
The objectives of this study are: (1) to present the revised sediment and solute transport calculations from the Watson River catchment; (2) to extend the sediment and solute transport time series from 2007-2010 to 2006-2016; (3) to analyze the characteristics of the transported sediment and solutes; and (4) to discuss the results in comparison with other monitored glacierized areas around Greenland.
Study area
The Watson River catchment consists of two parts: an ice-sheet sector, stretching westward from the main GrIS topographic divide to the margin located approximately 30 km east of Kangerlussuaq Airport, and a proglacial area from the ice-sheet margin to the Kangerlussuaq river-gaging station (Figure 1 ). The catchment area is approximately 12,600 km 2 (of which 95 percent are glacierized) compared to the 9,743 km 2 used in the calculations of specific transport by Hasholt et al. (2013) and Yde et al. (2014) . The 29 percent increase in estimated catchment area is the result of new information about the bedrock topography beneath the GrIS (Lindbäck et al. 2015) . The proglacial area remains identical to the previous reported value (590 km 2 ). The gaging station is located 300 m upstream of the Watson River outlet, where the river enters the delta area and the fjord Kangerlussuaq. Three kilometers upstream of the station, two river branches merge from Sandflugtsdalen and Ørkendalen. The rivers from these valleys originate at the ice-sheet margin 30-40 km upstream from the gaging station. The proglacial area represents a typical Greenlandic landscape (Anderson et al. 2002 (Anderson et al. , 2017 with outwash plains, low vegetation, and permafrost and a coastal area connected to a delta and a fjord or ocean. The Sandflugtsdalen branch has at least three riegels across the river with braided reaches in between, whereas the Ørkendalen branch is braided along its entire reach.
The riegels and the rocks in the proglacial catchment consist mainly of gneiss of Nagsugtoqidian orogeny (Henriksen 2005) . The main minerals comprise quartz, plagioclase, K-feldspar, amphibole, pyroxene, and pyrite with minor amounts of biotite, muscovite, garnet, magnetite, epidote, and chlorite (Hindshaw et al. 2014; Yde et al. 2010 ). Calcite does not occur as a primary mineral, but disseminated calcite has been recorded in very low trace amounts as a product of plagioclase weathering (Hindshaw et al. 2014 ). Evaporites have not been reported from this part of Greenland. The landscape consists of gently rolling bedrock hills with altitudes up to 600 m above sea level (a.s.l.), often covered by a thin layer of glacial deposits. Lakes and river valleys are incised between the hills. The river valleys are filled with braided river deposits (Carrivick et al. 2013 ) and in the western part are bordered by old marine terraces (Ten Brink 1974) . The soils are classified as Haplic Cambisols (Jones et al. 2010) . The vegetation consists mainly of grass and low scrub.
The climate of the GrIS in the region is monitored by automatic weather stations (AWS) located at a transect perpendicular to the ice-sheet margin (van As et al. 2017; van den Broeke et al. 2008) . The glacial mean equilibrium line altitude (ELA) was reported to be approximately 1,550 m a.s.l. for 1991 (van de Wal et al. 2012 ), but since 2010 has increased to altitudes between 1,500 and 1,850 m a.s.l. van As et al. 2017) . Melting occurred as high as the main divide in 2012 (e.g., Hanna et al. 2014) . The climate of the proglacial area is observed at Kangerlussuaq airport. Here, the mean annual air temperature, relative humidity, and wind speed were −3.3°C
, 67 percent, and 3.7 m s −1 , respectively, for the period 1961 -1990 (Cappelen 2016 . The mean annual precipitation is 256 ± 60 mm w.e. for 1991 − 2012 after undercatch correction (Mernild et al. 2015) . The climate is defined as low Arctic, according to Born and Böcher (2001) . The presence of saline lakes as described by Anderson et al. (2002) indicates that the ice-free area is dry, and that runoff and sediment transport from the area outside the large valleys are negligible compared to the contributions from the GrIS. The winter precipitation accumulates as snow from October to May. The snow melts first at the lower altitudes in the proglacial area, causing a minor discharge peak in May-June. Because of the arid conditions, there is practically no runoff or sediment transport from the proglacial area the rest of the year. The main runoff season is from June to August following the melt, with secondary peaks caused by periods with intense melting, rainfall events, and/or sudden release of meltwater storage (glacial outbursts; Bartholomew et al. 2011; Russell et al. 2011; van As et al. 2017 van As et al. , 2018 .
Methods

Discharge
Continuous recording of the river stage is carried out using DIVER pressure transducers that are corrected for barometric pressure. Since 2006 pressure transducers have been installed on a rock promontory approximately 150 m upstream of the bridge segments over the Watson River. During the first year, the measuring range of the pressure transducer was insufficient at 5 m, causing a data gap during the peak of the melt season. All later installed pressure transducers have a range of 10 m, and they record every five or ten minutes (accuracy ± 1-2 cm). New discharge measurements are carried out using an ADCP and moving boat technique at a safe crosssection downstream of the riegel (Figure 2 ). The new discharge data have been used together with simultaneous stage records to establish a stage-discharge relation that was used to convert the continuous stage record into a continuous discharge record, accurate within 15 percent (60% for van As et al. 2017) . Previously, the stage-discharge relation was based on less precise discharge measurements carried out using the float method ). The recalculated annual discharge is roughly double the previous reported values. The large seasonal variations of the discharge within the different years appear in Figure 3 (van .
Sediment flux
Water samples were collected using hand sampling with a bottle sampler (300-1,000 ml sample sizes). An ISCO 6700 peristaltic pump sampler (300 ml) was installed periodically. In all, since 2006 503 daily samples were collected at the Watson River bridge (Figure 2) . Because of the extremely turbulent flow conditions on the riegel underneath the bridges (Froude numbers greater than 1, velocities 2-10 m s −1 ), sediment with grain sizes up to at least 2 mm are homogeneously mixed with water throughout the cross-sections . During the major part of the runoff season, when the water velocity is well above 2 m s −1 , coarse sand (≥0.6 mm) is observed in the water samples. This implies that a simple bottle sampler can be used to obtain water samples representing the total sediment load, and that there is no need to use depth-integrated sampling of the suspended load and separate measurements of bed load. Analyses of the water samples for the determination of sediment concentration, loss on ignition, and grain size are described in detail by Hasholt et al. (2013) . The accuracy of the determination of concentration is ±1 mg l −1 , which is negligible compared to observed short time variations of the concentrations of ±10 percent of mean.
A continuous record of sediment flux can then be derived by multiplying sediment concentration by the water flux. A continuous record of sediment concentration can be obtained through interpolation (Method 1) in Table 1 , if sampling intervals are short enough for this method. We calculate annual total values for years with at least twenty-five samples taken throughout the entire melt season to interpolate between years (2008 to 2013).
To account for temporal variations of sediment concentration between sampling times, from 2007 to 2016 a Solitech transmissometer sensor and an OBS3+ optical backscatter sensor were installed periodically (and damaged or destroyed several times) under the northern bridge segment, measuring every five or ten minutes (channel 1 in Figure 2) . The sensor signals provide proxies of sediment concentration (Method 2), but the signals must be calibrated against the concentrations from manual or ISCO water samples. The calibration curves following Hasholt et al. (2013) ( Figure 4A ), allowing sediment transport to be calculated using the continuous discharge record alone.
The accuracy of Methods 2 and 3 is ±25 percent. All sediment-transport calculations are described in more detail by Hasholt et al. (2013) . For years with overlapping time series, the three methods give similar results and the differences are smaller than the uncertainty of the measurements (Table 1) .
Solute flux
Bulk water samples were collected at the bank of the Watson River within a few hundred meters upstream from the gaging station. Here, we use a compiled set of solute data, consisting of sixty-four previously published analyses from 2007 to 2009 (described in detail by Yde et al. 2014) , together with thirteen analyses from samples from 2013. We only include samples collected during the peak flow period in July and August because inclusion of samples collected during the early and late melt season may cause an overestimation of annual transports (Krawczyk, Lefauconnier, and Pettersson 2003; Stachnik et al. 2016; Yde et al. 2008 ). We present concentrations and transport of major ions (Na We use the discharge-weighted method, where measured ion concentrations are multiplied by the discharge at the time of sampling. The resulting instantaneous ion fluxes are then averaged and divided by the mean annual discharge average to derive annual mean ion concentrations. Annual ion exports are subsequently estimated by multiplying the annual mean ion concentrations with annual total discharge. These are used to calculate annual maximum of 2.7 percent and a minimum of 0.2 percent during the eleven-year period. The lowest percentage was found when the transport was high. The concentration of sediment that passed the 0.7 µm glass fiber filters and was captured on the 0.45 µm membrane filters was in average 15 mg l −1 , or less than 1 percent of the average sediment concentration (Table 2) . It is not possible to give a thorough description of the seasonal variations, because these measurements only covered five years and did not include all water samples. However, the highest concentrations of very fine sediment mainly occurred in samples collected early in the peak flow season and during the autumn recession. Very low concentrations occurred in samples from the mid-peak flow season, indicating a supply limit of very fine material. Grain-size distributions from 2009 (low discharge) showed that 71 percent of the sediment was finer than medium silt (20 µm) while only 7.5 percent was finer in 2010 (high discharge; . The major ions constituted approximate 92 percent of the total annual solute transport. The dominating anion and cation were HCO 3 − and Ca 2+ , Figure 5 . Annual totals and uncertainty of sediment transport through the Watson River. (Table 2) . For most ions, the average ion concentration shows little variation in years with measurements.
Discussion and conclusions
Given our discharge-independent methodology for sediment concentration determination (Methods 1 and 2), the sediment flux is directly proportional to the discharge. The new annual mean (17.5 × 10 6 t a −1 ) is 10.2 × 10 6 t a −1 larger than the previously published 7.3 × 10 6 t a −1 in Hasholt et al. (2013) . This is partly because of the extension of the monitoring period, but mostly because of the new stage discharge relationship by van As et al. (2017), roughly doubling the discharge. The updated mean specific yield (1.39 × 10 3 t km
) is larger than the previously published value of 0.744 × 10 3 t km −2 a −1 , despite using a 29 percent larger catchment area in our calculations. Previous investigations of the sediment and solute flux in the Watson River catchment were carried out at the Leverett Glacier, draining a 600 km 2 subcatchment of the Kangerlussuaq area. Cowton et al. (2012) describe flux and specific yield from the years 2009 and 2010. Their results are included in the extended time series covering the years 2011 and 2012 by Hawkings et al. (2015) . They state that the fluxes of sediment do not scale with discharge because the subglacial drainage network does not always give access to the eroded sediment that can be transported. They also find specific total sediment yields of as much as 15,000 t km −2 a −1 , larger than all other specific yields measured in Greenland (Hasholt 2016) . Presumably intense subglacial erosion takes place near the margin of the ice sheet where ample meltwater flushes the eroded material, in contrast to more interior locations where meltwater is not (abundantly) present. The methodology by Cowton et al. (2012) and Hawkings et al. (2015) differs from ours by only measuring suspended load and not covering the complete month of September. The Kangerlussuaq Fjord receives sediment originating from both the GrIS and the proglacial area. The contribution from most of the approximately 590 km 2 proglacial area, consisting of vegetation-covered soil and some bare rock, is negligible. Yet the approximately 50 km 2 outwash plains in the proglacial valleys likely function as considerable sources and sinks. We estimate the mass balance of these outwash plains by subtracting the measured sediment output to the sea by the input from the GrIS that we can base on previous findings following Cowton et al. (2012) and using their reported contribution from the Leverett Glacier subcatchment and uncertainties. We upscale to encompass the entire Kangerlussuaq catchment by assuming the same annual specific yield throughout the ice-sheet ablation area as from the Leverett Glacier catchment (600 km 2 ). The Russell Glacier part of the Sandflugtsdalen catchment contributes with 58 km 2 , partly based on Lindbäck et al. (2015) . The contribution from the Ørkendalen GrIS tributary is found using the 1,800 km 2 ablation area from Lindbäck et al. (2015) . We use the 600 km 2 Leverett Glacier catchment area reported by Cowton et al. (2012) instead of the 900 km 2 found by Lindbäck et al. (2015) . The calculated annual mass balance for the four years (2009-2012) with overlapping measurements is shown in Table 3 . The results suggest that the proglacial outwash plains act as net sinks in years with low melt runoff and as net sources during years with high meltwater runoff from the GrIS. Glacial erosion causes accumulation of eroded material at the bottom of the GrIS. The uptake of eroded sediments depends on the development level of the subglacial drainage network. If the meltwater transport capacity exceeds the amount of available sediment, the flux will decrease with increasing discharge. On the outwash plains, the rivers are alluvial (Engelund and Hansen 1972) . Because river velocity and bed-shear stress increase with increasing discharge and sediment is abundant on the alluvial plains, the sediment flux here will increase too. The resultant net depositions from the four-year mass balance indicate that an average of 6 cm is deposited upon the approximately 50 km 2 outwash plains (Table 3 ). The increased contribution from the outwash plains at high discharge is indicated by the larger amount of coarse sediment in 2010 compared to 2009 (Table 2) . This is also supported by the increase in delta areas at Kangerlussuaq and around Greenland. Bendixen et al. (2017) relate the increasing delta areas, contrasting the observed coastal erosion in other Arctic areas to the recent increases in meltwater runoff from Greenland. Watson River discharge estimates for 1949-2016 confirm that meltwater production has been relatively low and rather stable until 2000, followed by a substantial increase ).
An estimate of the total contribution of sediment to the Kangerlussuaq fjord was presented by Mikkelsen and Hasholt (2013) . It was found that the specific load from the Sarfartoq catchment ( Figure 1C ) was only a third of the specific load from the Kangerlussuaq (Watson River) and Umivit catchments, because a share of the sediment from the GrIS part of the Sarfartoq catchment is collected in a large proglacial lake. The new stage-discharge relation and the changed Cowton et al. (2012) and Hawkings et al. (2015) catchment area for Watson River only increase this difference, revealing the importance of proglacial sediment sinks.
Previously published total solute transport and major ion values (2007) (2008) (2009) (2010) were 44 and 40 × 10 3 t a −1 , respectively (Yde et al. 2014 ), compared to 89 and 81 × 10 3 t a −1 for the same period using the new discharge dataset. Although there are only a few years of overlap between our values and those reported by Hawkings et al. (2015) , they correlate well (r 2 = 0.88) and both scale to discharge. The findings support that increasing discharge leads to increased export of solutes and related nutrients from the Watson River catchment.
We find an average specific solute transport of 6.7 t km 2 a −1
. This specific transport is lower than any other previous estimations of the specific total solute flux from glacierized catchments . This may partly be because of limited influence from subglacial water beneath the accumulation area and partly because of chemical depletion of subglacial sediment (Graly, Humphrey, and Harper 2016) .
In recent years, there has been an increasing effort to quantify the magnitudes of chemical transport from the GrIS to adjacent seas, with special emphasis on nutrient export (e.g., Hawkings et al. 2014 Hawkings et al. , 2015 Hawkings et al. , 2016 Hawkings et al. , 2017 Wadham et al. 2016) . These estimates are almost all based on an upscaling from the Watson River catchment, or the subcatchment Leverett Glacier, to the entire GrIS. Because of the relatively low chemical reactivity of the local gneissic lithology and the low input of marine-derived salts, the estimated ion exports from the GrIS should be regarded as conservative estimates. In Table 4 , we present past, present, and future estimates of ion export from the GrIS, based on GrIS runoff modeling estimates derived by Lenaerts et al. (2015) . The GrIS runoff was calculated from the estimated total freshwater runoff subtracted by solid-ice calving (520 Gt yr −1 ) and seasonal snowmelt from the tundra (50 Gt yr
), assuming that the contributions from both solid-ice calving and seasonal snowmelt from the tundra remain constant through time (Lenaerts et al. 2015) . Between the periods 1960-1989 and 2006-2016 , the runoff from the GrIS has increased by 65 percent. Assuming that runoff is the dominant control on solute export , this increase in runoff is equivalent to a 65 percent increase in solute export. For estimations of future solute exports, the climate-change scenario Representative Concentration Pathways 2.6 (RCP2.6) is applied to present an increasing atmospheric temperature (c. 2 K) over Greenland until the year 2100, followed by a slow decrease (Lenaerts et al. 2015) . In contrast, the climate-change scenario RCP8.5/4xCO 2 represents a situation with increasing atmospheric CO 2 concentration to four times the preindustrial level in 2120 (c. 5 K in 2100), followed by a stable atmospheric CO 2 concentration (Lenaerts et al. 2015) .
The low-emission RCP2.6 scenario indicates a 23 percent increase in solute export in the years 2090-2099 from the contemporary level during 2006-2016, whereas the high-emission RCP8.5/4xCO 2 scenario shows a 142 percent increase in solute export. A change in GrIS solute export to this level is likely to have a huge impact on the marine primary productivity in the North Atlantic Ocean (e.g., Hawkings et al. 2015) , especially considering that a simultaneous increase in suspended sediment export will lead to an even higher availability of labile nutrients to the surrounding seas (Gíslason, Oelkers, and Snorrason 2006; Hawkings et al. 2015; Hodson, Mumford, and Lister 2004) . Changes in nutrient export from the GrIS will affect global biogeochemical cycles and related climatic feedback mechanisms. For instance, Meire et al. (2016) found that a high export of dissolved Si from the GrIS is likely to stimulate diatom growth, and thus primary production, in near-coastal ecosystems. Our Si estimate of 629 × 10 3 t a −1 supports the magnitude of their estimate of 618 × 10 3 t a −1 . In combination with contributions from amorphous Si (Hawkings et al. 2017 (Hawkings et al. , 2015 and aeolian dust (Tréguer and De La Rocha 2013) , a future increase in Si export will likely result in enhanced atmospheric carbon fixation by diatoms in the North Atlantic Ocean. The GrIS has also been Table 4 . Past, present, and future estimates of ion fluxes (× 10 3 t yr −1 ) from the GrIS based on upscaling from the Watson River catchment. The mean GrIS runoff fluxes are derived from Lenaerts et al. (2015) . Two climate scenarios are used for estimating future ion fluxes. The RCP2.6 scenario has a modest increase in atmospheric temperature over Greenland until 2100 (c. 2 K), followed by a slow decrease. The RCP8.5/4xCO 2 scenario has a strong increase in atmospheric temperature over Greenland (c. 5 K in 2100). identified as an important source for other macronutrients, such as phosphorus , nitrogen (Telling et al. 2012; Wadham et al. 2016) , and iron (Bhatia et al. 2013; Hawkings et al. 2014; Statham, Skidmore, and Tranter 2008; Yde and Knudsen 2004; Yde et al. 2014) , which potentially will stimulate increased marine primary production. Our Fe estimate of 33 × 10 3 t a −1 from the GrIS is similar in magnitude to previous estimates of 10 × 10 3 t a −1 (Bhatia et al. 2013) , 16.5 × 10 3 t a −1 (Hawkings et al. 2014) , and 15-52 × 10 3 t a −1 (Yde et al. 2014 ), but significantly higher than 1 × 10 3 t a −1 (Statham, Skidmore, and Tranter 2008) . In order to present more accurate estimates, more hydrochemical data and discharge measurements are needed from chemically reactive basaltic catchments in west and east Greenland and sedimentary catchments in north and northeast Greenland. Our results support that the GrIS is a major provider of sediments and solutes to both proglacial areas and to the sea. The average specific sediment yield (1,390 t km −2 a −1 ) from the 12,600 km 2 catchment is as high as for local glaciers in Greenland and elsewhere. Considering that the large upper part of the catchment where the ice sheet is frozen to the bed is not contributing at the moment, the specific sediment yield near the margin of the GrIS must be larger than for relatively small and thin local glaciers, supporting the findings of Cowton et al. (2012) and Hawkings et al. (2015) . Our data span a longer time period and constrain the averages of fluxes and specific yields better than previous estimates. We therefore recommend that our estimates are taken into account when upscaling sediment production to the entire GrIS. Hasholt et al. (2006) already stated that Greenland was the major contributor of sediments and solutes to the surrounding seas. However, they argued that the estimate of the sediment contribution was not well constrained because of the poor measurement coverage, in addition to the unknown contribution of calving ice at marine-terminating glaciers. In recent years more information about sediment transport in Greenland has become available (e.g., Hasholt 2016; Ladegaard-Pedersen et al. 2017; Hawkings et al. 2017; Overeem et al. 2017) . However, large areas in Greenland are still not monitored, and the calving contribution is still not well constrained. Our new estimate of solute transport is probably too low, because observations from more chemically reactive basaltic and sedimentary areas are missing. Our results show that estimates based on single years or short periods may cause considerable over-or underestimation, stressing the need for longer time series. If climate warming will yield increased amounts of meltwater, the contribution of sediment and solutes will increase proportionally. However, the amount of sediment that actually reaches the sea strongly depends on the sediment pathways through sink and source areas within the catchment.
